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A carbon nanotube (CNT)-modified microfiber Bragg grating (MFBG) is proposed to measure the refractive index 
with strong enhancement of the sensitivity in low refractive index region. The introduction of the CNT layer 
influences evanescent field of the MFBG and causes modification of the reflection spectrum. With the increase of 
the surrounding refractive index (SRI), we observe significant attenuation to the peak of the Bragg resonance while 
its wavelength almost remains unchanged. Our detailed experimental results disclose that the CNT-MFBG 
demonstrates strong sensitivity in the low refractive index range of 1.333~1.435, with a peak intensity up to -53.4 
dBm/RIU, which is 15-fold higher than that of the uncoated MFBG. Therefore, taking advantage of the CNT-induced 
evanescent field enhancement, the reflective MFBG probe presents strong sensing capability in biochemical fields. 
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1. INTRODUCTION 
Fiber Bragg grating (FBG), a periodic perturbation of the refractive 
index along the fiber core, has emerged as one of the most useful 
optical fiber devices for thermal and mechanical sensing thank to the 
advantage of wavelength encoding [1]. However, due to confinement 
of optical mode by the thick cladding, FBGs fabricated in conventional 
single-mode optical fiber cannot be used directly for sensing of 
surrounding medium’s refractive index (SRI) [2]. To get the guided 
mode in the fiber core out of the cladding and make light to interact 
with surroundings, etching or polishing of the fiber cladding is an 
effective approach [3-5]. The diameter, uniformity and length of the 
etched fiber can manipulate the intensity of evanescent field, leading to 
the change of the reflectivity of the grating and thus its SRI sensitivity 
[6-8]. Moreover, FBGs were also directly written in microstructured 
optical fiber (MOF) without etching the cladding to improve their SRI 
sensing performance for specific applications, which is based on the 
intrinsic interaction between the guided mode and medium 
introduced into the holes of MOF [9, 10]. Nevertheless, the devices 
made in such a way suffer from rather limited detection dynamic range 
and low sensitivity, especially for some biological or environmental 
applications which involve aqueous solutions with low level of SRI [5, 
11]. Thus alternative approaches for enhancing SRI sensitivity 
constantly pursued. As such, coating of graphene (oxide) or carbon 
nanotubes (CNTs) on the etched FBG surface to redistribute the 
evanescent field were used for gas or bio-sensing with high sensitivity 
[12-14].  
With their remarkable optical properties and merits of good 
stability, ease of fabrication, as well as high compatibility to silica fibers, 
CNTs have been applied to many electro-optical devices [15-17]. Also, 
as excellent materials for surface modification of optical fiber, CNTs 
have been integrated with various fiber structures, including photonic 
crystal fiber, tilted FBG (TFBG), and long-period fiber grating (LPG) 
[18-22]. By exploiting intervention of CNTs with the evanescent field of 
the above devices, great improvements to refractive index responsivity 
were demonstrated for chemical and biological parameter 
measurements. 
In this paper, we report the experimental demonstration on a 
refractometer probe based on CNT-coated micro-FBG (CNT-MFBG). 
Deposited on the surface of the etched FBG and staying in the mode 
field of the fiber which spreads across the thinned cladding, the CNT 
layer redistributes the evanescent field of the MFBG effectively due to 
light-matter interaction. Also, the variation of SRI can change the 
effective index of CNT layer, leading to MFBG’s spectral evolution 
accordingly. By analyzing peak intensity, we show the enhancement of 
the refractometric sensitivity in the desirable low refractive index 
range of 1.333~1.435. Compared with the aforereported LPG and 
TFBG, the reflective MFBG sensing probe is of easier fabrication, 
potential low cost detection and suitable for a broad range of 
applications for the remote monitoring of a variety of biochemical 
parameters. 
2. PRINCIPLES, EXPERIMENTAL SETUP AND SENSING 
PROBE FABRICATION 
In conventional single-mode fiber FBGs, according to the coupling 
mode theory and phase matching condition, the guided mode is 
reflected back due to the strong coupling between the forward and 
backward propagating core modes at Bragg wavelength B, given by 
ΛneffB 2 .                                (1) 
Where neff is the effective modal index, andis the period of grating. 
The Bragg wavelength depends on any perturbation imposed on the 
fiber that changes one of the parameters of Eq. (1). At the same time, 
the full width half maximum (FWHM) bandwidth  of the grating can 
be determined by neff, the modulation depth n of the refractive index 
and the number N of grating planes, in a relation given by [23]  
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From Eqs. (1) and (2), in a conventional FBG, the parameters of neff 
and are independent of the refractive index of the surrounding 
medium due to the thick cladding, so the Bragg wavelength and 
spectral bandwidth remains constant with the SRI change. However, 
the evanescent wave of guided mode of MFBGs can leak into 
surrounding material, making them sensitive to SRI. The effective 
refractive index of a MFBG can be affected by its diameter, and has a 
nonlinear dependence on the SRI [5, 7]. Generally, smaller MFBG will 
have a shorter Bragg wavelength, broader spectrum and higher 
sensitivity to SRI [24, 25].  
CNTs, as one of the most attractive nanofunctional materials for 
optical fiber surface modification, can effectively change the 
evanescent field distribution around the surface of an MFBG. Having 
high refractive index (real part), the thin CNT layer coated around the 
MFBG surface will raise the effective index of the guided mode, leading 
to its reflected wavelength red-shifting. Also, with increasing of SRI, the 
mode field is less confined in the core region but evanescent wave will 
be enhanced, endowing a stronger interaction with the surrounding 
medium. However, the imaginary part of the CNT refractive index 
induces absorption and leads to a variation of the MFBG’s reflection 
power with the change of the ambient environment [8]. 
 
Fig. 1. Experimental setup for refractive index measurement; the inset 
shows the schematic diagram of MFBG with CNT coating. 
Figure 1 depicts the experimental setup for reflective index 
measurement. Launched from an amplified spontaneous emission 
(ASE) source, the light is reflected back from the sensing probe via a 
fiber-optic circulator and monitored using an optical spectrum 
analyzer (OSA) with minimum wavelength resolution of 0.02nm. The 
prepared solutions of glycerol with different concentrations in the test 
tube are employed to examine the sensing performance of the 
uncoated MFBG and CNT-MFBG. The proposed CNT-MFBG structural 
model is shown in the inset of Fig. 1, where the CNTs are deposited 
around the grating surface. 
In the experiment, the MFBG was etched uniformly from a standard 
FBG with a grating length of ~5mm by using diluted hydrofluoric acid. 
Since the diameter of the microfiber plays an important role to its 
effective index and evanescent field intensity of the guided mode, the 
SRI sensitivity will change accordingly [7, 26]. So, in order to ensure 
appropriate reflectivity of the MFBG and relative robust structure, the 
etched MFBG diameter was reduced to ~13.12m when the MFBG 
just started to show spectral attenuation, implying the evanescent 
wave begun to interact with the liquid. The employed single-wall CNTs 
were synthesized through catalytic chemical vapor deposition method 
[15, 20]. By using of an ultrasonic cleaner, the CNTs were dispersed in 
deionized (DI) water with sodium dodecyl benzene sulfonate (SDBS) 
to form 0.5 mg/ml CNT solution. Furtherly, the CNT dispersion was 
centrifuged at 12000 g for several hours to prevent the agglomeration. 
After the centrifugation, the supernatant was collected. Following the 
evanescent light-induced CNT deposition method [27], the prepared 
MFBG was immersed in the CNT dispersion to form a dense CNT layer 
on the grating surface. During the deposition, the broadband light with 
the power of 20mW was input into the MFBG, and the spectral 
evolution was monitored by the OSA. Afterwards, the MFBG was 
rinsed in DI water for several times to remove the floating CNTs and to 
test the stability. Figures 2(a) and 2(b) display the microscope image 
and SEM (scanning electron microscopy) image of the fabricated 
device, respectively, proving the CNTs tightly deposited around the 
MFBG surface. 
 
Fig. 2. (a) Optical microscope image of the integrated CNT-MFBG; (b) 
SEM image of CNT-MFBG surface; (c) measured reflection spectra of 
the initial FBG, etched MFBG, and CNT-MFBG;(d) modes and radial 
distributions of the simulated guided mode in MFBG with and without 
CNT coating at 1550nm with a zoomed profile at the fiber boundary. 
During the whole fabrication process, the reflection spectra of the 
original FBG, the etched MFBG before and after CNT deposition were 
recorded by the OSA. As depicted in Fig. 2(c), after etching, the FBG’s 
reflection peak blue-shifts by 0.62nm due to the effective index change 
caused by the reduced cladding. Meanwhile, the reflection power was 
slightly reduced and small spectrum splitting occurred, as shown in Fig. 
2(c). This may be explained by the mismatch of the numerical aperture 
between the unetched and etched fiber regions depending on the 
refractive indices of core, cladding and the surrounding medium [6, 7] 
and the small defect of surface introduced by the etching. After the CNT 
deposition, the MFBG’s reflection peak red-shifted by 0.51nm due to 
the increase of the effective index and returned back to a smoother 
spectrum due to the decrease of modal interference, as shown in 
Fig.2(c), and the intensity significantly decreased caused by the 
interaction between the evanescent field and the CNT layer. In order to 
understand the CNT layer’s contribution to the light field, the mode 
field profile of the MFBG with and without CNT layer at a wavelength 
of 1550nm was numerically analyzed using the finite element method 
(FEM), and the results are shown in Fig. 2(d). From the figure, we 
clearly see an abrupt enhancement of the light field at the fiber 
boundary (zoomed in the inset of Fig. 2(d)), caused by the CNT layer’s 
high refractive index which can be affected by the surroundings. 
However, the mode field intensity in the thick microfiber core have a 
slight decrease. Therefore, according to aforementioned principles, we 
can detect the SRI variation by monitoring the change in both 
wavelength and intensity of CNT-MFBG’s Bragg resonance. 
3. EXPERIMENTAL RESULTS AND DISCUSSIONS 
To measure refractometric responses of the MFBG and CNT-MFBG, we 
prepared various glycerol solutions with refractive indices ranging 
from 1.333 to 1.451. These solutions were injected into the test tube in 
turn, and the MFBG probe was inserted in the solution tube, and then 
the corresponding reflection spectra were recorded using an OSA. 
After each solution measurement, the MFBG probe was rinsed with 
distilled water and ethanol several times to remove the residual 
glycerol solution, and we could observe the spectrum reverting to the 
original one in air. During the experiment, the temperature was kept 
constant at 20℃ to avoid any uncertainty caused by the temperature 
fluctuation. 
We firstly examined the refractometric response of the MFBG 
without CNT coating. Figure 3(a) displays the evolution of the MFBG 
reflection spectra measured in solutions of a series of refractive indices, 
which are 1.333, 1.358, 1.384, 1.413, 1.435, and 1.451, respectively. 
Obvious spectral change can be observed, showing the central 
wavelength shifting towards a longer wavelength and the spectral 
narrowing because of the increase of the effective index caused by an 
increasing SRI, but with only slight peak attenuation. Variations of 
spectral characteristics including the Bragg wavelength and a 6dB 
bandwidth for covering the whole spectrum are analyzed, as depicted 
in Fig. 3(b). The wavelength and the bandwidth exhibit exponentially 
rise and fall with the increasing of SRI, respectively, and in the desirable 
low refractive index region of 1.33~1.40, the MFBG gives a lower SRI 
sensitivity, similar to that of normal LPG and other fiber-based 
refractive index sensing structure [3, 28-30]. 
Then, with the same method, the refractometric response of the 
CNT-MFBG probe was evaluated, and the results are shown in Fig. 4. 
From the spectral variations in Fig. 4(a), we observe that the total 
reflection power shows a significant decrease due to the change of the 
extinction ratio of the evanescent wave of the guided mode in the fiber 
boundary and the absorption effect of CNT coating [19], while the 
wavelength kept almost constant with variation of SRI. This interesting 
change trend is caused by the complex value of CNT layer refractive 
index, which is higher than that of the fiber cladding. The thin layer of 
the high index would redistribute the evanescent wave, making it 
stronger in the coating in such an inverted refractive index profile in 
the fiber radial direction, but also fix the resonant wavelength of the 
grating, similar to that of LPG surrounded by the solution with a higher 
refractive index [30]. However, the absorption property of CNT layer 
can be influenced by surrounding medium, leading to orderly 
attenuation of the reflection peak, as shown in Fig. 4(a). More 
interestingly, as depicted in Fig. 4(b), the bandwidth is slightly 
decreasing in a linear manner with an increasing SRI in the 
investigated SRI range of 1.333~1.435, and the SRI sensitivity 
estimated is ~-1.229nm/RIU (RIU stands for “refractive index unit”). 
Meanwhile, the peak wavelength only fluctuates by ~0.072nm.  
 
Fig. 3. (a) Reflection spectra of the MFBG immersed in the solutions 
with different refractive indices; (b) Bragg wavelength (blue) and 
bandwidth (red) variations of the MFBG versus the SRI. 
Furthermore, to clearly demonstrate the effect of the CNT coating on 
the reflection power change of Bragg resonance, we analyzed the peak 
attenuation with the SRI, as shown in Fig. 5. It can be clearly seen that 
in the SRI ranges from 1.333 to 1.443, the peak intensity of the bare 
MFBG only slightly decreases, while that of the MFBG with CNT coating 
has a clear downward trend, which shows properties similar to our 
previous work [20]. Also, the peak intensity decreases linearly with the 
SRI, and in the range of 1.333~1.435, the response sensitivity is up to -
53.4dBm/RIU (with an R-square value 0.996 of the linear fitting curve) 
from -3.46dBm/RIU of the uncoated MFBG, corresponding to an 
enhancement of more than 15-fold. The maximum refractive index 
error of ~0.008 can be obtained from Fig. 5. Compared to the bare 
MFBG, due to the presence of CNT coating, the peak intensity of the 
CNT-MFBG probe exhibits a linear change with the SRI, and the 
sensitivity is greatly enhanced in the low refractive index of 
1.333~1.435. Also, when the SRI is more than 1.435, the spectral 
properties, including the bandwidth and peak intensity, will remain 
unchanged. In addition, when the CNT-MFBG is placed in air or the 
same solution at different times, the probe shows excellent 
repeatability, evidenced by the same spectral shift and attenuation. 
Therefore, by exploiting CNT coating with the complex refractive index 
and absorption properties related to the surroundings, both the 
bandwidth and peak intensity change accordingly, while the resonant 
wavelength remains the same. Thus such a refractometer probe may 
be detected by low-cost power measurement using a photodiode 
detector or power meter. It must be emphasized that this reflective 
sensing probe can provide a new sensitive window for biochemical 
sensing field since its sensing range can cover the desired lower 
refractive index region in most aqueous solutions. 
 
Fig. 4. (a) Reflection spectra of the CNT-MFBG immersed in the 
solutions with different refractive indices; (b) Bragg wavelength (blue) 
and bandwidth (red) variations of the CNT-MFBG versus the SRI. 
 
Fig. 5. Peak intensity changes of MFBG (blue) and CNT-MFBG (red) 
versus the SRI. 
4. CONCLUSIONS 
A reflective refractometer probe by depositing CNTs on an etched 
MFBG has been experimentally demonstrated. By integrating the CNT 
layer with a complex refractive index around the MFBG, the 
evanescent field in the fiber boundary can be enhanced and modulated. 
Compared with the original FBG and etched MFBG, the fabricated CNT-
MFBG modifies the response trend of the spectral properties. As a 
result, the peak intensity of Bragg resonance linearly decreases with 
the SRI, and the sensitivity in the desired refractive index region of 
1.333~1.435 is greatly improved. Moreover, with the SRI increase, 
only the peak intensity changes, while the Bragg wavelength almost 
remains constant, which may provide a feasibility to achieve the 
simultaneous measurements of the SRI and the ambient temperature. 
Also, the sensing performance could be further optimized by 
modifying the surface properties of CNTs with chemical or physical 
functionalization methods. In addition, the demonstrated CNT-MFBG 
may be interrogated using low-cost power based measurements. 
Therefore, the proposed CNT-modified MFBG probe could provide a 
new alternative sensing technique for environmental and human 
health monitoring as well as other biochemical sensing applications. 
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